Photosensitized oxidation of guanine provides various oxidation products, including 8-oxoguanine (8-oxoG) and imidazolone. Ribo‰avin (vitamin B2) is known as an eŠective photosensitizer for oxidation of guanine. Here, we show the user-friendly synthesis and photoreaction of a ‰avin-linked oligonucleotide; the practical synthesis of a hydroxyethyl-‰avin (2) from commercially available ribo‰avin; and the preparation of a ‰avin-linked oligonucleotide using the phosphoramidite of 2. To demonstrate the usefulness of this method, the ‰avin-linked oligomer ‰avin-5?-d(T 6 CCT 6 )-3? was synthesized. Flavin-5?-d(T 6 CCT 6 )-3? and its complementary 5?-d(A 6 G8-oxoGA 6 )-3? were irradiated under UV light (366 nm) at neutral pH. Enzymatic digestion of the irradiated mixture with P1 nuclease and alkaline phosphatase indicated that the 8-oxoG residue was oxidized to imidazolone. These results demonstrate that 8-oxoG is eŠectively oxidized to imidazolone by photosensitization of the terminal ‰avin via a hole-transfer mechanism, and imidazolone is formed by one-electron oxidation of 8-oxoG at neutral pH.
Introduction
Considerable interest has recently arisen in one-electron oxidations of DNA. Of the four natural DNA bases, guanine is the most sensitive to oxidation, and a typical lesion product of guanine is 8-oxoguanine (8-oxoG) , which is a useful biomarker of oxidative stress (Fig. 1A) . Importantly, 8-oxoG itself is even more oxidizable than guanine, oxidation of which provides further degradation products (1) . In one-electron oxidations of DNA, a cation radical of the nucleobase forms near the photosensitizer, and this cation radical then migrates to the remote guanine through a DNA base p-stack by a hole-hopping mechanism. Charge transfer in DNA is suggested to play an important role in DNA damage (2) as well as DNA repair (3) . Previously, we demonstrated using an anthraquinone-linked oligomer that imidazolone (Iz) (Fig. 1A) can be formed from 8-oxoG through long-range hole hopping, and the results indicated that the one-electron oxidation of 8-oxoG generates Iz (4) .
Ribo‰avin (vitamin B2) is known to oxidize guanine under 366 nm irradiation (5, 6) . We found that in guanine oxidation ribo‰avin is a better photosensitizer than anthraquinone (4) . Moreover, the reduced form of the ‰avin moiety can be used as a useful chemical unit for excess electron transfer (7) . These facts raise the intriguing possibility that a ‰avin-linked oligomer could be used as tool for investigation of long-range hole transfer as well as excess electron transfer. Although the syntheses of ‰avin-linked oligomers have been reported, the synthesis of such oligomers requires complex and tedious steps (7) (8) (9) (10) . Here, we report the simple, userfriendly and practical synthesis of a ‰avin-linked oligomer and its application in the remote oxidation of 8-oxoG in a DNA duplex via a hole-transfer mechanism.
Materials and Methods
Chemicals: Ribo‰avin, NaIO4 and NaBH4 were purchased from Nacalai Tesque, Inc. 2-Cyanoethyl N,N,N?,N?-tetraisopropylphosphorodiamidite was purchased from Aldrich. The cyanoethyl phosphoramidite of 8-oxo-2?-deoxyguanosine was purchased from Glen Research (Sterling, VA).
Synthesis of product 1 and 2 (Fig 2) : Ribo‰avin (3.0 g, 8.1 mmol) was suspended in water (150 mL), and then NaIO4 (6.0 g) was added. The suspension was stirred at ambient temperature for À2 h in the dark. The reaction was monitored by TLC (CH2Cl2/MeOH, 4:1), until it showed the absence of starting material. A 11 .32 (brs, 1 H, NH). In addition, a small peak was observed as an aldehyde signal (9.74, s, CHO). All of product 1 was suspended in ethanol (150 mL), and NaBH4 (160 mg, 4.2 mmol) was added. The suspension was stirred at ambient temperature for 2.5 h in the dark. The progress of the reaction was monitored by TLC (CH2Cl2/MeOH, 4:1) until it showed the complete consumption of 1. A yellowish powder of product 2 was separated from the solution bŷ ltration, washed with cold methanol, and dried under vacuum (93z total yield (2.2 g, 7.5 mmol), brown solid). Synthesis of ‰avin-linked oligonucleotide ( Fig. 2 ): Product 2 (115 mg, 0.40 mmol), in a sealed bottle, was suspended in dry CH2Cl2, coevaporated two times in vacuo, suspended in dry CH3CN, and coevaporated in vacuo. After ‰ushing with argon, dry CH3CN (3 ml), dry CH2Cl2 (1.2 mL), 2-cyanoethyl N,N,N?,N?-tetraisopropylphosphorodiamidite (170 mL, 0.54 mmol), 0.5 M tetrazole in dry CH3CN (1.05 mL), and dry pyridine (3 mL) were added. The mixture was stirred overnight at ambient temperature in the dark. TLC analysis (CH2Cl2/MeOH, 20:1) indicated the completion of the reaction. To quench the reaction, EtOAc and triethylamine (10:1) were added to the reaction mixture. The mixture was washedˆve times with a saturated aqueous solution of sodium bicarbonate. The organic layer was collected, dried over anhydrous sodium sulfate,ˆltered, and evaporated to dry under reduced pressure. Without further puriˆca-tion, the phosphoramidite of 2 was immediately suspended in dry CH3CN in a sealed bottle, evaporated three times with dry CH3CN, and dissolved in dry CH3CN (4 mL) and dry pyridine (2.5 mL). Using a Beckman DNA synthesizer, the phosphoramidite of 2 and tetrazole were immediately reacted with the 5?-OH groups of T6CCT6-attached supports. The reaction period of the coupling step was the same as that used for RNA synthesis (5 min), and this coupling step was repeated 4 times. The ‰avin-linked oligonucleotide, Fl-T 6 CCT 6 , was detached from the support with NH 3 and methylamine (1:1, 0.5 mL×2) for 15 min in a sealed tube, followed by deprotection of the oligonucleotide at 659 C for 15 min. After evaporation of NH3 and methylamine and subsequent lyophilization, Fl-T 6 CCT 6 was puriˆed by reversed phase HPLC, with monitoring at 370 nm. The amount of Fl-T6CCT6 was determined by enzymatic digestion, and the yield based on the support (1 mmole) was 3.3z. The structure of Fl-T6CCT6 was conˆrmed by ESI-MASS (negative mode): 4514.3 (4515.018, calculated). Enzymatic digestion of Fl-T6CCT6 with alkaline phosphatase (23 units/mL) and P1 nuclease (14 units/mL) at 379 C for 2 h gave Fl-dT, which was eluted at 5 min after dA on a 5C18-MS column-5 mm, 150×4.6 mm, elution with a solvent mixture of 50 mM ammonium formate, 0-30z acetonitrile/0-20 min and 30z acetonitrile (isocratic)/20-22 min at a ‰ow rate of 1.0 mL/min. Fl-dT was identiˆed by ESI-MASS (negative mode). ESI-MASS, Fl-dT: 590.3 (590.5, calculated).
Photoirradiation of oligonucleotide: A mixture containing ‰avin-linked oligomers and complementary 8-oxoG-containing 5?-d(A6G8-oxoGA6)-3? (71.4 mM total oligomer concentration) in 50 mM sodium cacodylate buŠer (pH 7.0) was irradiated with 366 nm light under aerobic conditions at 09 C for 10 min from a distance of 5 cm (Fig. 1B, C) . Thereafter, the sample was digested with alkaline phosphatase (23 units/mL) and P1 nuclease (14 units/mL) at 49 C for 12 h, as previously described (4, 5) . This low-temperature enzymatic digest of the sample was analyzed by HPLC using a 5C18-MS column (5 mm, 150×4.6 mm, elution with a solvent mixture of 50 mM ammonium formate, 0z (isocratic) acetonitrile/0-5 min, 0-7z acetonitrile/5-27 min and 7z acetonitrile (isocratic)/27-30 min at a ‰ow rate of 1.0 mL/min) and monitored at 254 nm.
Results

Synthesis of ‰avin-linked oligomer:
The aldehyde and alcohol derivatives of ‰avin were synthesized by the modiˆed method of the reported procedure (11) . Because ribo‰avin and ‰avin derivatives exhibit low solubility in water and ethanol, oxidation and reduction of the ‰avin-derivatives had to be performed in suspensions. In spite of the suspension reaction, all starting materials were consumed to the aldehyde and alcohol, respectively, with no obvious by-products; the total yield was 93z. These results may imply that the starting materials slowly dissolved into solution by equilibrium, which may cause a relatively clean and rapid reaction. In addition, 1 H-NMR of product 1 in DMSO indicates that product 1 mostly existed as a hydrate (shown in Scheme 1), with very little of the aldehyde form present.
To introduce hydroxyethyl-‰avin (product 2) to an oligonucleotide, we initially attempted the synthesis of a ‰avin phosphoramidite under dichloromethane and acetonitrile solution conditions according to the report describing the synthesis of anthraquinone-linked oligomer (4). However, under these conditions the reaction did not proceed at all. Fortunately, subsequent addition of pyridine to the reaction mixture promoted the reaction. To avoid autooxidation, the ‰avin phosphoramidite product (8) was immediately used for DNA synthesis without further puriˆcation. After DNA synthesis and subsequent thorough washing, the supports were yellow in color, suggesting the successful introduction of ‰avin to the oligonucleotide. The structure of the Fl-T6CCT6 was conˆrmed by ESI-MS and enzymatic digestion.
Photoreaction using the ‰avin-linked oligomer: There are some controversies regarding the formation of Iz from one electron oxidation of 8-oxoG. Burrows et al. reported Iz is only produced from 8-oxoG at alkaline pH (12) . We observed the formation of Iz from 8-oxoG at neutral pH (4). To investigate whether Iz is formed from 8-oxoG through long-range hole migration, photoirradiation of a ‰avin-linked Fl-T6CCT6 with a complementary 8-oxoG-containing oligomer was performed at neutral pH (Fig. 1B, C) . HPLC analysis of the enzymatic digest of the UV-irradiated sample indicated that 8-oxoG was degraded, with the formation of Iz (Fig. 1E) . The yields of Iz obtained from 8-oxoG was 15z. Importantly, almost no consumption of guanine was observed under these conditions. These results clearly demonstrated that Iz was formed from one electron oxidation of 8-oxoG through a hole-migration mechanism.
Discussion
Oligonucleotides containing ‰avin have been previously synthesized, but the synthetic methods required complex and tedious steps more complicated than the method described in this report (7) (8) (9) (10) . The presented synthetic method for ‰avin-phosphoramidite has only three steps and the reaction conditions are milder, using sodium periodate instead of sulfuric acid and periodic acid (11) , and pH adjustment was not required. The hydroxyethyl-‰avin (2) was almost quantitatively obtained from commercially available ribo‰avin. In addition, the isolation method was simpleˆltration without chromatographic separation. The presented method is thus safer and simpler than the previous methods.
As ‰avin is an oxidant, the phosphoramidite which has a trivalent phosphorus is slowly oxidized (9) . Therefore, ‰avin phosphoramidite was used without puriˆca-tion and the ‰avin-phosphoramidite should be generated from 2 before use. Attachment of ‰avin can readily be monitored by observing the yellow-green color of the support. After synthesis, ‰avin-linked oligomers are detached from the supports with aqueous ammonia and methylamine and are puriˆed by reversed HPLC similar to for unmodiˆed oligonucleotide.
It was reported that Iz is produced by oxidation of guanine as a monomer and in DNA (5, 6) . Recently, we found that Iz is formed from oxidation of guanine in four-base p-stacks in Z-DNA (13) . In addition, it was reported that two-photon excited 2-aminopurine e‹ciently oxidized a distal guanine to Iz (15) . Despite the many reports on the formation of Iz, there are some controversies regarding the formation of Iz from oneelectron oxidation of 8-oxoG. Burrows et al. reported Iz is only produced from 8-oxoG at alkaline pH (12) . We observed the formation of Iz from 8-oxoG at neutral pH (4) . In this study, we demonstrated that the photosensitization of terminal-linked ‰avin caused remote oxidation of 8-oxoG to Iz at neutral pH. The results are consistent with the results for the anthraquinone-linked oligomer (4) . As the contributions of singlet oxygen and hydroxy radicals are negligible in the present system, one-electron oxidation of 8-oxoG certainly forms Iz. In our previous experiments with the anthraquinone-linked oligomer, DNA duplex structure was required for the formation of Iz (data not shown), suggesting that 8-oxoG is not degraded by intermolecular oxidation but by intramolecular oxidation via hole transfer.
Although G:C to C:G transversions occur under several oxidative conditions (14), 8-oxoG itself does not cause G:C to C:G transversions (15) . Recently, it became apparent that Iz and other oxidation products cause G:C to C:G transversions (4, 14) . Thus, one possible transversion pathway can be described as follows: under highly oxidative conditions, Iz is produced from 8-oxoG at neutral pH via hole migration from cation radicals of the nucleobase at a distal site in the duplex, and forming Iz induces G:C to C:G transversions.
